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ABSTRACT
Laser induced internal cooling has been investigated in a new fluorochioride glass (CNBZn) and a fluoride glass (BIG)
doped with 2.1x102° yi3+ ions/cm3 and in a KPbCl5 crystal doped with 5x10'9 Th ions/cm3 by using collinear
photothermal deflection and conventional laser excitation spectroscopies under high photon irradiances. The cooling
efficiency for CNBZn glass which is 2.O % relative to the absorbed laser power at 1010 nm and 300 K falls about 20%
at 77 K. The cooling efficiency for BIG glass was only 0.6% at room temperature. For the yi3+doped KPbCl5 crystal
we have shown internal laser cooling with a cooling efficiency of about 0.2% at room temperature. This is the third
ytterbium-doped crystal, after KGd(W04) (Ref. 10) and YAG (Ref.! 1), in which anti-Stokes laser-induced internal
cooling has been demonstrated. The observed temperature dependence of the cooling process can be explained by a
simple model accounting for the photon-ion-phonon interaction.
1. INTRODUCTION
In 1929 Pringsheim [1] suggested the possibility of cooling matter by anti-Stokes fluorescence. In 1995, the first
experimental evidence of laser cooling in a solid, an yi3+ doped fluorozirconate glass, was presented by Epstein et al.
[2]. From then on, several works have been published regarding topics as the composition requirements of the matrices
to achieve cooling [3-5]or the temperature drop attainable in fiber configuration [6-8]. Recently, some of the authors
of this work have demonstrated laser cooling in a new ytterbium doped fluorochioride glass [9]. Throughout the last
year laser cooling was observed in ytterbium-doped KGd(W04)4 [10] and YAG [1 1] crystals for the first time.
Moreover, cooling has also been observed in liquids [12] and semiconductors [13].
Among the potential applications of anti-Stokes laser cooling of solids, two main fields seem to attract the interest on
this effect: cryocoolers for aerospatial applications and high power solid state lasers in which no excess heat is
generated.
The low temperature cooling efficiency of glasses has been investigated in two fluorozirconate glasses and a phosphate
glass [4] by measuring the absorption and emission spectra of the samples at different temperatures and evaluating the
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cooling efficiencies when pumping the sample at a wavelength which corresponds to an absorption coefficient of iO
cm_i. The results reveal the BIGaZYbTZr (BaF24nF3-GaF3-ZnF2-ThF4ZrF4) glass as the best candidate, being twice as
efficient as ZBLAN glass at 50K. Theoretical studies on the capability ofrare-earth doped glasses as low temperature
coolers [14] point-out to an actual ability ofthe studied glass (Yb3-doped ZBLAN glass) to work as a cryocooler. On
the other hand, the technical problems such as laser losses, luminescence efficiency, evacuation of luminescent light,
adequate path lengths, high optical quality ofcomponents, suitable laser sources etc., seem to be surmountable.
Regarding the second field of interest, Bowman [15] proposed to use radiation cooling by anty-Stokes fluorescence
within the laser medium to balance the heat generated by the Stokes shifted stimulated emission (radiation balanced
lasers). This could arise in very high power lasers in which limitations in beam quality and average power could be
overcome. The studies carried-out by Bowman and Mungan to evaluate Ytterbium doped laser materials for their utility
in radiation balanced laser systems [16, 10] predict that yi1j+ doped KY(W04)2 and KGd(W04)2 crystals will show the
highest performance in this kind of systems. In these studies, fluorescence optical cooling in KGd(W04)2 crystal has
been reported for the first time, which opens a very encouraging outlook for radiation balanced lasers.
In this work, we present the experimental evidences of laser cooling in two bulk yi3+.. doped fluorochloride and
fluoride glasses together with the first results on internal laser cooling in a new ytterbium-doped KPbCl5 crystal.
These results have been obtained by using two different techniques: collinear photothermal deflection spectroscopy and
conventional laser excitation spectroscopy performed under the same high photon irradiances. The photothermal
measurements give for these glasses similar results to those found in fluorozirconate glass and show similar cooling
efficiencies. For the crystal the cooling efficiency is a little lower due to the small amount of yi3+ ions that is allowed
to enter the crystal lattice. On the other hand, the spectroscopic results clearly reveal that the cooling range is restricted
to a narrow spectral region which depends on the phonon density of states of the materiaL Moreover, the thermal
dependence ofthe additional fluorescence which appears in the excitation spectra as a consequence of cooling, makes
clear that the cooling efficiency is a function of temperature.
2. EXPERIMENTAL
2.1 CNBZn and BIG glasses
Two samples ofCNBZn glass (CdF2-CdC12-NaF-BaF2-BaCl2-ZnF2) and BIG (BaF2-InF3-GaF3-ZnF2-LuF3-GdF3) glass
doped with 1 mol % of YbF3 were investigated. The samples of dimensions 2x8xlO mm were suspended from a silk
wire cross inside a cryostat evacuated to l02 mbar to improve thermal isolation. Figure 1 shows a block diagram of
the experimental set-up. The beam of a tunable (2 905 to 1090 urn) cw titanium-sapphire ring laser (8 GHz
bandwidth) which entered the sample perpendicularly to the center of the 2x8 mm face was modulated at 1.24 Hz by
means of a mechanical chopper. A fraction of the incident power was utilized for signal normalization. A
copropagating helium-neon probe laser beam (2 632.8 nm) was co-aligned with the pump beam through a dichroic
element. Both pump and probe copropagating beams were focused into the middle of the sample with diameters of
100 jnn and 60 ptm respectively. After leaving the sample, the beams passed through a second identical lens separated
from the first one by a distance twice the focal length (5 cm)to avoid high divergence ofthe emerging beams. A second
dichroic beam splitter deviated the pumping beam to a pyroelectric detector which measured the transmitted pumping
power. Before reaching a quadrant position detector the probe beam passed through an interference filter to eliminate
residual pumping radiation. The excitation spectra were measured with the same configuration by collecting the
fluorescence at a right-angle from the focused area ofthe pumping beam by means ofa collimating lens, and focusing it
with a second lens at the 100 pm entrance slit of a 0.22 m monochromator provided with an extended infrared
photomultiplier. Lock-in detection was used in both experiments. Thermal deflection waveforms were detected by
using a digital scope.
2.2 KPb2C15 crystal
Single crystals of non-hygroscopic Y'o3 doped KPb2C15 crystal, typically 3 cm long and 2 cm in diameter, have been
grown by the Bridgman technique in our laboratory, in chloride atmosphere with a two-zone transparent furnace, a
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temperature gradient of 18 °C/cm and 1 mm per hour growth rate. Quartz ampoules with a pointed end were used to
serve as seed selector and promote single crystal growth. The Yb3 content was about 5 x 1019 ions/cm3. A plate with
dimensions of 4.6x4x3.3 mm3 was cut from block and adequately polished for spectroscopic measurements.
The experimental set-up for the thermal deflection and spectroscopic measurements of this crystal was the one










Figure 1. Block diagram of the experimental set-up used in the photothermal deflection, absorption, and excitation measurements.
3. RESULTS
3.1. Photothermal quantum efficiency measurements
The calculation of the Quantum efficiency (QE), both in glass and crystal samples, was carried-out by considering a
simplified model of the yt3+ ions as a two level system (figure 2). We shall consider a typical process in which a
photon of energy hwL from the incident beam of intensity 4 modulated at a frequency of ak,, is absorbed by an
electron that goes up to the excited state. The relaxation to the ground state can take place through radiative or non-
radiative processes with probabilities WR and WNR respectively, at a mean energy of /1w0. The energy difference
between the incident and fluorescent photons is exchanged as heat with the host.
In this model, the heat the sample exchanges per unit time and unit volume in a typical heating process is
H = n2[WNR)L + WRh(WL —w0)]
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Figure 2. Two level scheme ofthe yi3+ in a typical heating process.
The excited state population is governed by the incident beam modulation frequency ce,, and the lifetime ofthe level, r.
dn2 cii n2=n1—- (2)dt hWL
where cris the absorption cross section and n1 is the population ofthe ground state.
Ifwe solve this equation and enter the result in equation 1, we find the following result [17},
Jo (
H(co) = —1°i 1—it-——- IcosP sen(amt+Ji) (3)2 (OL)
where P = tan' (Wm i) is the phase relative to the incident modulation beam.
In the case of low modulation frequency, TWm <<1 the heat the sample exchanges per unit time and unit volume takes
a very simple form,
[ O)
H=n1ciI0 1—ii-—— (4)
where i is the fluorescence QE of the excited state, that is defined as the ratio of the radiative relaxation probability to




In this collinear configuration, the amplitude of the angular deviation of the probe beam is always proportional to the
amount of heat the sample exchanges, whichever its optical or thermal properties are [18]. This allows to relate the
WI hw0
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amplitude ofthe deflection at each wavelength to the typical relaxation parameters ofthe Yb ions after the absorption
ofthe pumping radiation, in particular to the QE ofthe F512-÷2F712 transition, giving thus,
PDS = _ 1 =c[i- 1 (5)
nb-b L °-LJ L Aj
As can be seen the normalized photothermal deflection signal divided by the absorption of the sample has a linear
dependence with the pumping wavelength. From the slope and intercept ofthis straight line, and by using the value of
the mean fluorescence wavelength (at which the zero deflection signal occurs), the QE i can be obtained.
3.2. Quantum efficiency measurements in CNBZn and BIG glasses
The lock-in phase and amplitude of the photothermal deflection, normalized by the absorption, for the CNBZn
sample, are displayed in Fig. 3 as a function ofthe pumping wavelength. As predicted by theory [19], a neat change
of about 1800, can be observed during the transition from the heating to the cooling region, at around 988 nm (Fig.
3(a)). The QE in the heating region as measured from the photothermal amplitude and absorption [17,18] was 0.996
and the one at the beginning ofthe cooling region (from 988 nm to 1010 nm), 1.016. Therefore, the cooling efficiency
estimated by using the QE measurements is about 2.0 %. In the case of BIG glass, the estimated cooling efficiency
(983-1010 nm region) was only 0.6 %. It is worthy to notice the nonlinear dependence ofthe photothermal deflection
amplitude with the pumping wavelength in the whole cooling region. This behavior impedes photothermal QE
measurements at wavelengths longer than 1010 nm. As we shall see in the next section, this broad peak formed by the
photothermal deflection approximately resembles the one observed for the excess of luminescence associated with
cooling, thus confirming the nonlinear behavior ofthis process.
3.3. Quantum efficiency measurements in KPb2CI5 crystal
The room temperature photothermal deflection signal waveforms of KPbCl5 crystal recorded in the scope for
different pumping wavelengths are shown in fig. 4. The zero signal occurs around 985 nm. The lock-in phase and
amplitude of the photothermal deflection, normalized by the absorption, are displayed in fig. 5 as a function of the
pumping wavelength. As can be seen, the cooling region is sharply defined by a 180° phase jump around 985 nm (fig.
5(a)). The measured QE in the heating region was 0.995 and the one at the beginning of the cooling range, 0.997.
Therefore, the cooling efficiency estimated by using the QE measurements is about 0.2 %. As in the glass samples, a
nonlinear dependence of the photothermal deflection amplitude with the pumping wavelength in the whole cooling
region can be observed.
3.4. Cooling investigations by excitation spectra
3.4. 1 CNBZn and BIG glasses
To further investigate the origin of the observed cooling, we performed excitation measurements in both samples at
different pumping photon irradiances and temperatures by keeping the system in the same conditions. As an example,
fig. 6(a) shows the excitation spectra measured at 225 K for the CNBZn glass collecting the luminescence at 1040 nm
(at the end of the cooling zone) and at two different pumping irradiances, 880 and 150 mW. Figure 6(b) displays the
normalized difference of both spectra. As we can see, except for the zone around the main absorption peak where an
accurate difference is difficult to obtain (probably due to some saturation in the spectrum taken at high irradiances), the
difference mainly consists of a broad peak (shaded region in fig. 6(b)) which covers the spectral range where cooling
occurs. This new peak must correspond to a fluorescence excess produced as a consequence of the cooling process
which allows for an additional population of the excited state in this region. This means that at high photon irradiances,
other than first order processes are playing a principal role in this spectral range.
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Figure 3. (a) Phase ofthe photothermal deflection signal and
(b) photothermal deflection amplitude (normalized by the Figure 4. Photothermal deflection signal waveforms obtained
incident laser power) divided by the absorption of the for the KPb2C15 crystal at room temperature.
CNBZn glass sample.
142 KPb2C15 crystal
The cooling process and estimation of cooling efficiency at room temperature for KPbCl5 crystal has also been
investigated by making use of excitation spectra. Figure 7(a) shows the excitation spectra collecting the luminescence
at 1035 urn (at the end of the cooling zone) and at two different pumping irradiances, 1W and 250 mW. Figure 7(b)
displays the normalized difference of both spectra. It is worthy to mention that except for the region around the main
absorption peaks where an accurate difference is difficult to obtain (due to saturation effects in the spectrum taken at
high irradiances), the difference shows, as in the case mentioned above for glass samples, a broad band peaking around
1010 urn which covers the spectral range where cooling occurs. A more detailed picture of this effect is shown in fig. 8
where the difference between excitation spectra, fig. 8(b), can be compared with the behavior of the normalized
deflection amplitude fig. 8(a).
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Figure 5. (a) Phase of the photothermal deflection signal and
(b) photothermal deflection amplitude (normalized by the
incident laser power) divided by the absorption of the
KPb2C15 crystal.
Excitation wavelength (nm)
Figure 7. (a) High power (solid line) and low power (dashed
line) excitation spectra recorded at 1035 nm in KPb2C15
crystal. (b) Difference between both spectra.
Figure 6. (a) High power (solid line) and low power (dashed
line) excitation spectra recorded at 1040 nm and 225 K in
CNBZn glass. (b) Difference between both spectra. The
shaded area corresponds to the cooling luminescence.
Figure 8. Detail of the normalized deflection amplitude
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4. A MODEL FOR ANTI-STOKES COOLING
The spectroscopic results analyzed above clearly reveal that the cooling range is restricted to a narrow spectral region.
Moreover, the thermal dependence of the additional fluorescence which appears in the excitation spectra as a
consequence ofcooling, makes clear that the cooling efficiency is a function of temperature.
In this section we present a simplified theoretical model which has been worked out by some of the authors [9]. The
model gives, as far as we know for the first time, an explanation about the origin oflaser cooling in yi3+ doped glasses
as well as its temperature dependence. Beginning with an ytterbium ion in its ground state a second order process which
consists in the absorption of an incident photon and a phonon of the glass matrix, drives the ion to the excited state
from which a photon of higher energy can be released. The cycle of this kind of processes gives rise to the observed
cooling.
In order to estimate the probability per unit time of such a second order process let us consider our physical system
described by the Hamiltonian:
H = Hion + HPh + Hern + Vionern+ V°-1' (6)
where
H'°" =/2O)0aa
is the Hamiltonian of the ion electronic levels being hc the energy difference between the optically active energy
levels of the dopant ion (considered as a two level ion) and a+(a) the creation (annihilation) operator of an electronic
excitation;
HPh
is the phonon field Hamiltonian with bq7b,) the creation (annihilation) operator ofa phonon in mode q;
H hWLCC
is the electromagnetic laser field with aL the laser frequency and c(c) the creation (annihilation) operator ofa photon;
V10m = eL &J/ (a + aXc +c)
is the ion-photon interaction Hamiltonian, being éj the polarization vector of the photon, j the dipole moment of the
electronic transition, e0 the vacuum permitivity, and Vthe interacting volume;
Vi0 =A Jh aa(b _b)2p'2 q q
is the ion-phonon interaction Hamiltonian, where A is the ion-phonon coupling constant, v is the sound velocity, and p
the mass density.
The probability per unit time of a process in which the ion in its ground state absorbs an incident photon and a phonon
and goes up to the excited state can be evaluated by using the perturbation theory. This kind of processes appears in the
second order term of the perturbation expansion. The transition probability is given by the Fermi's Golden Rule
W = Wfi = JtfiI8Qf — E,) (7)
where E1 and E1 are respectively the initial and final energies of the system. The t matrix admits a perturbative
expansion given by
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. TTiOfl em Ti-ion—ph . . .with v = V + v . Thesummation on m and n includes all the mtermediate phonon and photon states.
We are interested in the calculation of the transition probability between initial Il) = a,n,nq) fld final
I1) = Ib, 0, 0) states of our system, where the first ket element, a, refers to the ion state, the second one, n, to the
photon occupation number, and the third one, to the phonon occupation number. This type ofprocesses only appears at
second order in the perturbation theory expansion ofthe t matrix, and the calculation, though easy, is too lengthy to be





haL and D = A2 (10)
2e0V 2pv
In order to evaluate the summation on the phonon modes in (9), we must introduce the phonon density of states, P(E).
In terms ofthis distribution function, the transition probability can be expressed in the following way
w =[)2g2n22 :rndEP(E)fl 8(—hw0 +hwL + E)
(1 1)
which after integration gives
w = )2A2fl P(hw0 h'°L)f('O hWL) hco0 >
2e0Vpv °L h'°Oh'°L
(12)
In this expression, n is the photon density of the incident beam, f is the Bose-Einstein function, and P is the phonon
density of states.
Raman and infrared absorption measurements performed on CNBZn glass powder showed a complex broad band
centered around 300 cm_i which may be attributed to Cd-Cl (250 cm1) and Cd-F (370 cm1) vibrational modes.
Therefore, a gaussian-like function centered around 370 cm', the higher energy band, was selected as a plausible
function for the phonon density of states. In order to avoid a divergence in the transition probability at the resonance
hO9=hOL, the gaussian function was scaled by the Debye distribution function in such a way that at low phonon
energies the distribution function resembles the Debye one, whereas it is close to a gaussian at the center of the
distribution. This choice avoids the introduction of a cut-off at low phonon frequencies and therefore the introduction of




Proc. SPIE Vol. 4645 143
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 21 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
where E=hc-hwL S the phonon energy, E = hi is the energy at the center of the distribution, F its width (-1OO
cm1), d C an adequate normalization constant.
In the case of BIG glass, on the basis of Raman measurements in similar compounds, the center of the gaussian
function representing the phonon density ofstates was taken at 5 10 cm, and ['--100 cm1.
With this distribution function, expression [12] becomes






The intensity ofthe additional fluorescence is proportional to the population excess ofthe fluorescent level produced by
these second order processes and the probability for radiative transition to the ground state. Therefore, taking the
emitting level QE as one, the temperature dependence of the integrated cooling fluorescence can be determined by
comparing the experimental data with the expression
I(T) fw(.oL,T)iwL (15)
We can integrate on the absorbed phonon energy, E = hw0 — h(OL at each pumping frequency. The lower limit of
the integral is zero whereas we can take the Debye energy representing the maximum phonon energy present in the
material as the upper limit. In any case, the value ofthe integral is quite insensitive to the upper limit as long as we are
far from E = hak, as it is the case.
Substituting expression (14) in (15) gives
r — 21
I(T) J (00 (0LCXp[_((00 (0L(0) Jf(hWo—hWL)d0L (16)h(OO—hCOD L
where /15 = E y hA w = IT. Introducing the variable x = co — we finally obtain:
r / — 21
g, X I (X—Of\ I 1
1(T) I ex — j I dx, (17)
' .o0 —x [ ' Awl Jexp(x/kT)—1
where WDis the Debye frequency.
In order to compare the results of the numerical evaluation of the integrated intensity (expression (17)) with the
experimental data, we have included the effect of inhomogeneous broadening by adding a constant background which
is not dependent on temperature:
i(T)= a+bI(T). (18)
where 1(T) is given by (17), and a and b are constants.
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5. DISCUSSION
Figure 9 shows the integrated intensity of the cooling fluorescence peak as a function of temperature for both glasses.
The continuous line is the fitting to the theoretical model given by eq. (18). The only parameters used in this fitting are
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Figure 9. Experimental cooling fluorescence integrated intensities as a function of temperature (dots) and fitting to equation (18)
(solid line) for CNBZn glass (a) and BIG glass (b)
As we can see, the agreement between experimental results and theory is very good and supports not only the model
hypothesis about the kind of processes involved, but also the distribution function used for the phonon energies.
Moreover, if we compare the relative integrated intensities at different temperatures we can have a real picture about
the temperature dependence of the cooling efficiency ofthe material. Our experimental results in these glasses show it
is possible to cool an internal volume from room temperature down to 70 K but with a penalty of about a 20 % in the
cooling efficiency (cooling efficiency is defined as the ratio of the integrated cooling fluorescence peak to the
integrated intensity ofthe high power excitation spectrum without the cooling peak contribution).
It is worthy to mention the quite good agreement between the room temperature cooling efficiencies obtained by using
photothermal QE measurements and the ones obtained by measuring the fluorescence excess from the excitation
spectra. In the former case an efficiency of 2 and 0.6 % respectively were found for CNBZn and BIG glasses, whereas
in the second case values of 3 and 1 % respectively were obtained for the same samples. Referring to KPb2C15 crystal
both techniques gave the same result of 0.2 %. However, account taken of the lesser density of ytterbium ions in the
crystal ('- 10 times less than in glasses) and its smaller size we could estimate its cooling efficiency to be about 2%.
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6. SUMMARY
Laser-induced internal cooling in a fluoride glass, a fluorochloride glass, and a chloride crystal has been demonstrated
at room temperature by making use of photothermal deflection spectroscopy and excitation and absorption
spectroscopies.
The cooling efficiency of these systems has been evaluated at room temperature by using two different experimental
techniques. The results from both techniques are in good agreement for all the measured compounds. The
fluorochloride glass shows a slightly higher efficiency.
The cooling efficiency has been evaluated in both glasses from 77 K to room temperature from the high and low power
excitation spectra. The efficiency at 77 K falls to about 20% ofits value at room temperature.
The experimental results are in good agreement with the predictions ofa theoretical model based on the hypothesis of a
second order process for the cooling mechanism.
In conclusion, we can state that anti-Stokes cooling in solids is strongly dependent on the phonon density of states of
the system as well as on the ion-phonon coupling constant. Appropriate values in any or both parameters may lead to
the cooling process in presence ofa high enough photon irradiance.
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